Random void defects have detrimental effect on the mechanical properties of 3D braided composites. A 3D FEM based on a periodic representative unit cell is developed to appraise the mechanical properties of 3D 4-directional braided composites containing the defects. Two basic types of void defects, such as the dry patches in the reinforced yarns and the voids in the resin matrix pocket, have been taken into account. A simple method for generating the random void defect elements in FEM is presented. The FE software ABAQUS is adopted to study the elastic properties. The predicted effective elastic properties are in good agreement with the available experimental data, demonstrating the applicability of the mesomechanical FEM. By considering the random distribution of void defects, the probability statistics analysis of mechanical properties was conducted. In addition, the effect of the void volume fraction on the elastic properties was discussed in detail, and some useful conclusions were drawn herein.
Introduction
Textile fabrics composites have received great attention in the aeronautics and astronautics industries because of their excellent mechanical performances, such as better out-ofplane stiffness, strength, and high impact resistance. To make these composites widely applied in structure design as soon as possible, many scholars have developed lots of models for studying the microstructure and mechanical properties of textile fabrics composites.
In the past, Whitcomb et al. [1] [2] [3] established the localglobal finite element method to analyze the progressive failure for textile composites. Tang and Whitcomb [4, 5] proposed the general techniques for failure analysis for textile composites by considering their materials features such as periodicity, symmetries, and heterogeneity. Lomov et al. [6] formulated a model for woven fabric behavior in bending based on a representation of fabric deformation as a coordinate transformation. Verpoest and Lomov [7] developed the software package WiseTex to implement a generalized description of internal structure of textile reinforcements on the unit cell level and it is integrated with mechanical models for several types of textile composites. In recent years, Yang et al. [8] analyzed the failure in the junction region of Tstiffeners regarding 3D-braided and 2D tape laminate stiffeners. Yang et al. [9, 10] studied the spatially averaged local strains in textile composites by the binary model. Meanwhile, they predicted the failure behavior in textile composites by the model with gauge-averaging [11] . To reduce the number of costly composites tests, Cox and Yang [12] studied the virtual tests for structural composites and proposed the refinement of cohesive models of fracture and the formulation of hybrid stress-strain and traction-displacement models that combine continuum (spatially averaged) and discrete damage representations in a single calculation. Karkkainen et al. [13, 14] presented a direct micromechanics method for failure analysis and strength prediction of plain weave textile composites and investigated the stiffness and the strength of 3D orthogonal woven S2-glass composite by using finite element micromechanics [15] . Quek et al. [16] studied the effective elastic stiffness and strength of a carbon 2D triaxially braided composite by using the finite element method in conjunction 2 Advances in Materials Science and Engineering with micromechanics. Pineda et al. [17] presented a model to model progressive microdamage in the matrix phase by the thermodynamically based Schapery theory.
As an important type of textile fabrics composites, 3D braided composites have been studied by many scholars and many models have been developed to analyze the mechanical performance of 3D braided composites. For example, Yang et al. [18] early studied the effective elastic properties of 3D braided composites by the "fiber inclination model" based on the modified laminate theory. Y. -Q. Wang and A. S. D. Wang [19] and X. K. Sun and C. J. Sun [20] adopted a mixed volume averaging technique to predict the mechanical properties of 3D braided composites, respectively. Chen et al. [21] analyzed the mechanical properties of 3D braided composites by the finite multiphase element method. K. Xu and X. W. Xu [22] predicted the mechanical properties of 3D five-directional braided composites by finite element method. Lu et al. [23] studied the tensile properties of three-dimensional full fivedirectional braided composites based on representative unit cell by using finite element methods.
Although a number of analytical and computational models have contributed to an enhanced understanding of the elastic properties of 3D braided composites, most of the models have generally assumed that braided composites have no void defects and do not consider the effect of random void defects on their elastic properties. However, since 3D braided composites are manufactured with the continuous fiber preforms by RTM forming process, it is almost impossible to completely avoid the existence of void defects in these composites. Now, there are few literatures focusing on the effect of the void defects on the elastic properties of 3D braided composites. Liang et al. [24] adopted the Eshelby and MoriTanaka theories combined with stiffness averaging method to predict the elastic constants of 3D braided composites containing the specific matrix microcracks. Zeng et al. [25] proposed a simplified model to predict effective Young's modulus and Poisson's ratio of 3D braided composites with transverse and longitudinal cracks by using the homogenization theorem. Lu et al. [26] developed a model to simulate the unidirectional tension behavior of plain weave composites with defects. As a whole, these early models aiming at cracks consider the architectures of 3D braided composites to be simplified, which made it difficult to obtain an accurate local stress distribution of unit cell model.
Recently, great efforts have been made to further investigate the microstructure model of textile composites for improving the exactness of microstructure model by using high resolution experimental techniques. Bale et al. [27] performed a statistical analysis of the shape and positioning of the fiber tows in the 3D woven architecture on the basis of 3D images of two ceramic-matrix textile composites captured by X-ray micron-resolution computed tomography. Blacklock et al. [28] presented a Monte Carlo algorithm defined for generating replicas of textile composite specimens by using the computed tomography, which help us identify the geometry characteristics of textile composites.
In the paper, the main objective of the work is to develop a 3D FEM based on a unit cell for predicting the elastic properties of 3D four-directional braided composites containing the random void defects. Firstly, the void defect characteristics of 3D braided composites by RTM process are analyzed. Then, based on a microstructure unit cell model of 3D four-directional braided composites, an FEM considering the random distribution of typical void defects is proposed. The FE software ABAQUS is adopted to calculate the elastic properties. The predicted effective elastic properties are in good agreement with the available experimental data, demonstrating the applicability of the mesomechanical FEM. In the meantime, the effect of random distribution of void defect on the elastic properties of the composites with a constant void volume fraction is analyzed by establishing several different samples. Finally, in order to appraise the effect of the void defects on the elastic properties, the variations of the elastic properties with the void volume fraction are discussed in detail.
Void Defect Characteristics of 3D Braided Composites
Liquid composite molding (LCM) processes such as RTM and vacuum assisted resin transfer molding (VARTM) are widely used to manufacture the advanced textile composites with the continuous fiber reinforcements. In the process, a dry fiber preform is placed in the mold and a thermoset resin is injected into it to cover the empty spaces between fibers. Most experimental investigations indicated that voids and dry patches are the most common types of manufacturing process induced defects in the textile composite materials [29] [30] [31] . The presence of voids and dry patches, even at a very low volume fraction, may significantly degrade the material properties and have detrimental effect on the service performance. Therefore, resin infiltration into the preforms should be carefully controlled in order to minimize the residual voids content, which may produce the probable voids or dry patches of the composites. Two basic flow directions for resin may exist in the RTM forming process, which are flow across or along fiber tows. In the case of flow across the fiber tows, lots of experimental evidence and calculated results have shown that filling of the fiber tows is delayed. If the resin is not forced to flow only across the fiber tows, naturally, flow will choose the easier direction with higher permeability, that is, along the fiber tows. Compared with flow across the tows, the permeability of flow along the fiber tows is much higher and capillary action is generally twice as strong as in flow across the tows. In this case, two situations can be found in flow along the fiber tows. For example, as given in Figure 1 , with respect to the primary front in the intertow spaces, wicking flow front inside the fiber tow may be either advanced or delayed, which also directly has great effect on the location and shape of emerging voids. When the externally applied action is lower, wicking flow can become dominant and resin advances more rapidly inside the tows. In this case, the voids in the resin matrix pocket are formed as shown in Figure 1 the externally applied pressure or flow rate is relatively high or fast, viscous action is dominant, and wicking gradient is not so strong compared with the hydrodynamic pressure gradient. In this case, the intertow spaces with the higher permeability regions are filled first and the dry patches of tows are produced as shown in Figure 1(b) . If an equilibrated situation occurs, no voids are to be generated because of the resin progressing more or less uniformly.
As above discussed briefly, the production of voids is controlled by the key manufacturing parameters such as externally applied pressure, resin viscosity, and curing temperature. Besides, the specific manufacturing process is an important control factor for void defects generation of 3D braided composites. Although the reasons for defect formation are very complicated, air or volatile gas in the mold is captured mechanically to finally form the residual voids of the composites. For 3D braided composites with the complex microstructure, the void defects are impossible to be expected to form somewhere either in yarns or in resin matrix pocket due to the complex reasons. Therefore, once the defects are produced, the resultant voids can be called the random defects and have the random distribution feature. While the voids existing in yarns are called the dry patch defects, the defects existing in resin matrix pocket are called the void defects.
For the defects of 3D braided composites, they generally have very complicated geometrical shapes. For example, Figure 2 gives the cross-sectional shape of the voids in resin matrix pocket of 3D braided composites by vacuum assisted RTM, which is the complex geometry polygon [29] . By using the image analysis software tool, the equivalent diameters of the typical voids can be measured. Formula (1) gives the expression for the equivalent diameters of void:
where eq is the equivalent diameter and is the measured area of the void. Extensive experimental analysis has indicated that the type of RTM process will lead to producing different void size of 3D braided composites [29] . Based on the statistical analysis, the equivalent diameter of void size is generally less than 300 m.
Unit Cell Model
3D four-directional rectangular braided composites reported herein are produced by the 4-step 1 × 1 braiding procedure. According to the rectangular cross-sectional shape, the yarns carriers in the main part of the braiding machine bed are commonly denoted by × , being the number of rows and being the number of columns, which can almost determine the cross-sectional dimensions of the rectangular braided composites with certain yarns. To ensure consistent and uniform fabric structure, suppose that the braiding procedure keeps relatively steady, at last in a specified length of braiding. As a result, a braiding pitch with the height of ℎ is obtained for 3D four-directional rectangular braided composites.
Because of the complexity of braided structures, many models based on the interior unit cell models in the mesoscale have been presented to analyze the mechanical properties of 3D braided composites in the macroscale. In the paper, an interior unit cell model is adopted to represent 3D fourdirectional braided composites with mesoscale periodic unit cells, as shown in Figure 3 . The interior unit cell model is oriented in the same reference frame as the specimen cross-section, which is quite favorable for the analysis of the mechanical properties. Figure 3 shows the topological relation of the main yarns in a parallelepiped unit cell with the width of , the thickness of , and the pitch height of ℎ. is the braiding angle between the grain formed by the adjacent braiding yarn with the same orientation on the composites surface and the -axis and is the interior braiding angle between the central axis of the interior braiding yarn and the -axis. As given in Figure 3 , the cross-section of the braiding yarns is the octagon containing an inscribed ellipse with major and minor radii, and , respectively. The braiding yarns used in the braided preforms are assumed to have identical constituent material, size, and flexibility. The relation of geometry parameters of the above RVE model can be calculated as follows:
Advances in Materials Science and Engineering Figure 2 : Cross-sectional shape of voids in resin matrix pocket of 3D braided composites [29] . Figure 3 : Representative unit cell model.
where the braiding angle and the pitch length ℎ of the RVE can be measured directly from the surface of the rectangular composites. As the idealized braided composites considered herein are assumed to be made of the repeated interior unit cells, the fiber volume fraction of the interior unit cell or 3D braided composites can be written as
where = 4ℎ / cos is the volume of all the braiding yarns in the unit cell. Since the fiber volume fraction of 3D braided composites is given usually, the fiber volume fraction of yarn can be obtained. Once the braiding angle, the pitch length ℎ, and the fiber volume fraction of 3D braided composites are obtained, the other geometrical parameters of the RVE unit cell model can be calculated according to formulas (3)-(3).
Mesomechanical FEM Containing Void Defects
The RVE-based mesomechanical FEM consists of three parts: establishing the FEM with random void defects, defining the constitutive relationships of components, and calculating the effective elastic properties. The details of the FEM are presented in the subsections.
FEM with Random Void
Defects. Based on the interior unit cell model, a simple mesomechanical FEM containing the voids is established. In order to quantitatively analyze the effect of void defects on the elastic properties of 3D braided composites, it is important to effectively describe the void volume fraction, the distribution characteristics, and the geometric shape of the void defects. Considering the feature of random distribution and the complicated geometric shape Advances in Materials Science and Engineering 5 of the void defects, the C3D4 tetrahedron elements are chosen to mesh the unit cell model because this kind of element type not only can make the meshing of unit cell model with complicated yarn microstructures relatively easy but also can well embody the main geometric characteristics of the void defects.
The void volume fraction of the composites is defined as the ratio of the void volume to the unit cell volume. In the model, V is the void volume fraction of the tows and V is the void volume fraction of the resin matrix pocket. To quantitatively appraise the effect of dry patches and voids on the elastic properties, the balanced distribution of void and dry patches is assumed in the present model. In fact, the assumption shows that the distribution characteristic of void defects keeps even as a whole in the composites due to the complicated reasons. Otherwise, it is difficult to analyze the effect of void defects on the mechanical performance if no limitation was given to the whole distribution characteristic. Based on the assumption, V and V may be believed to be equal; that is, the void volume fraction of the tows equals the void volume fraction of the resin pocket matrix as a whole. Then the void volume of the two components can be, respectively, calculated combined with the yarn volume fraction of the unit cell and the yarn packing factor. Finally, based on the averaging element volume of the tetrahedron element in the FEM, the element number of the dry patches in the yarns and the element number of void in the resin matrix pocket can be obtained by the following formula:
where is the unit cell volume, is the yarn volume fraction of the unit cell, is the averaging element volume of the tetrahedron element, and is the yarn packing factor. During establishing the FE model, the geometrical model is firstly meshed by Hypermesh software and then imported to ABAQUS. By Hypermesh software, the "volume tetra" method is chosen for meshing the model. In this step, the "element size" can be set as a specified value. Meanwhile, a reasonable element size should be chosen not only to meet the computational convergence of FEM but also to embody the geometric characteristics of the void defects. So, enough elements should be produced in the FEMs and it is helpful for the tetrahedron elements to have equivalent volumes by increasing the number of elements. Based on the above reasons, represents the averaging element volume of the tetrahedron element and the element number of voids defects can be calculated approximately by formula (4).
The void defects of 3D braided composites include two basic types; one is the dry patches of yarn and the other is the voids in the resin matrix pocket. Since the distribution characteristics of the void defects are random, it is important to present a reasonable random distribution model for selecting the elements representing as the dry patches or the voids. Considering the complicated reasons for the generation of void defects, a probability model for producing the uniformly distributed random integers is chosen to determine the defects elements according to the element number herein. The probability model is given as = mod (5 * −1 , 4 * 2 ) ,
where = [log 2 ] + 1, = − + 1, 0 is the random seed number, 0 ≥ 1, and 0 is an odd number, and and are the number range of the corresponding elements. Based on the probability model, every element in the unit cell model has the same chance becoming the defect element.
To establish the FEM containing the void defects by using the above model, a small procedure was prepared by using FORTRAN language. Particularly, it is very important to determine the averaging size of tetrahedron element when the FEM is meshed. A reasonable element size should be chosen to meet the computational convergence of FEM and embody the geometric characteristics of the void defects. Based on the above probability model, it is convenient that an FEM model containing the void defects can be established by choosing a different odd number for 0 . According to the scheme, as an example, the elements containing the void defects in the resin matrix pocket and a yarn in unit cell model are shown in Figure 4 , respectively. Therefore, the generation of void defects in the model not only shows the balanced distribution characteristics of the void defects as a whole but also embodies the feature of random distribution.
Constitutive Relationships of Components.
For the FEM containing the void defects, there are four "types" of component materials in the unit cell model altogether. When the component materials have no void defects, they are the yarns and the pure resin matrix pocket, respectively. In this case, the yarns are generally regarded as the unidirectional fiberreinforced composites and keep transversely isotropic in the material coordinates systems. The principal direction 1 of the material coordinates systems for a yarn is defined to be paralleled with the fiber direction. The pure resin matrix pocket is assumed to be isotropic. Both of them are believed to be linearly elastic in the model. The engineering elastic constants of the yarn can be calculated by the famous micromechanics formulae proposed by Chamis [32] : where is the fiber volume fraction of the yarn, 1 is Young's elastic modulus of the fiber in principle axis 1, 2 is Young's elastic modulus of the fiber in principle axis 2, 12 is the longitudinal shear modulus of the fiber, 23 is the transverse shear modulus of the fiber, ] 12 is the primary Poisson's ratio of the fiber, and , ] , and ( = /2(1 + ] )) represent Young's elastic modulus, Poisson's ratio, and shear modulus of the matrix, respectively.
When the component materials contain the void defects, the elements of the component materials can be classified as two groups. They are the elements of the dry patches of yarn and the void elements in the pure resin matrix pocket, respectively. For the elements of the dry patches of yarn, there are only fibers in the elements of yarns without resin infiltration. As we know, the main role of resin matrix in yarns is to support and protect the fibers, which is important for the mechanical properties in the transverse and longitudinaltransverse shear directions. Therefore, it is difficult to exactly characterize the elastic properties of the dry patches of unidirectional composites where the resin matrix is replaced by the voids. To simply model the constitutive relationship of the dry patches elements, the micromechanics formulae proposed by Chamis are still chosen to calculate the effective elastic properties by assuming that Young's elastic modulus and Poisson's ratio ] of the resin material in such elements are reduced to be a minimum value. In the model, in order to stress that the dry patches of unidirectional composites have a certain load-bearing capability in the transverse directions, the comparably larger values are defined for the resin matrix of the dry patch element in yarns. The value of Young's elastic modulus of resin is assumed to be 1 MPa and the value of Poisson's ratio ] of resin is assumed to be 0.01. It is noted that the dry patch elements in yarns still keep the same local coordinate systems as the elements of yarns without void defects.
For the void elements in the pure resin matrix pocket, a "zero" stiffness element is chosen to simulate the constitutive relationship. To satisfy the numerical calculation demand of the FEM, a minimum value for Young's elastic modulus is designated as 0.000001 MPa and Poisson's ratio ] is designated as 0.000001, respectively.
Once the random defect elements of unit cell model are determined, the above four "types" of constitutive relationships can be applied to the corresponding element sets in the finite elements model. To achieve the goal, the INP document of FEM should be modified by revising the element section properties and the name of the corresponding element sets before the model is submitted to be calculated based on the software ABAQUS.
Effective Elastic Properties of 3D Braided Composites.
When the void volume fraction of 3D braided composites is given, for a specific random distribution of the void defects, 3D braided composites are assumed to be composed of the interior unit cells containing the same distribution feature of void defects. That is, the effective elastic properties of 3D braided composites are equivalent to the calculated results based on the mesoscale FE model by a homogenization approach.
Since the analysis is based on the RVE, the periodical boundary conditions should be applied in the model in order to obtain a reasonable stress distribution and deformation. The unified periodical displacement boundary conditions suitable for the RVE proposed by Xia et al. [33] were employed in the model. The 3D solid tetrahedron elements were applied to mesh the whole model, as shown in Figure 4 . It is assumed that the perfect bonding exists between the yarns and the resin matrix pocket.
To obtain the effective elastic properties of 3D 4-directional braided composites, the homogenization approach is employed in this study by considering the heterogeneous composites in the mesoscale to be a homogeneous material in the macro-scale. In the mesoscale, when the void volume fraction of unit cell is given, for a specific random distribution of the void defects, the interior unit cell containing the same distribution feature of void defects is taken out to establish the FEM for appraising the elastic properties of 3D braided composites based on the periodic boundary conditions. Given the periodic cubic RVE, the global strain-global stress relation under small deformation assumption can be written as
where S is the effective compliance matrix, is the global averaging strain, and is the global averaging stress. The engineering elastic constants can be calculated from the compliance matrix S .
In the macro-scale, when the void volume fraction of 3D braided composites is given, there are possibly numerous random distribution cases for the void defects. To analyze the effect of random distribution of void defects on the effective elastic properties, the samples of FE model containing different defect distribution cases should be established for statistical analysis of the elastic properties of 3D braided composites with a given void volume fraction.
Results and Discussion

Comparison of Effective Elastic Properties with Experimental Results.
In order to verify the applicability of the FEM based on the software ABAQUS, two examples with typical braiding angles are selected from the available experiments studied by Chen et al. [21] . All the analyses reported herein were done for the 3D 4-directional braided composites by the 4-step 1×1 rectangular braiding procedures. The elastic properties of the component materials, including 12K T300 carbon fiber and TDE-85 epoxy resin, are listed in Table 1 . According to the braiding process parameters of three specimens from Chen et al. [21] , the main microstructure parameters of unit cell models used in the calculation are shown in Table 2 .
The FE software ABAQUS is adopted to study the effective elastic properties and the mesoscale mechanical behaviors. According to the meshing scheme of the FEM, adaptive finite element meshes were used to keep element size small in the edges of the matrix pocket. In the study, the FEM for specimen number 1 with a braiding angle of 19 ∘ consists of 9854 nodes and 49030 tetrahedron elements. The FEM for specimen number 2 with a braiding angle of 30 ∘ consists of 17462 nodes and 88700 tetrahedron elements. It is noted that relatively reasonable meshing size is required in order to embody the real geometric shape of void defects. If only the global stiffness is concerned, relative coarse meshing size can still provide satisfactory results [33] . The meshing size of the models in this study is sufficient to guarantee the convergence of the solutions. According to the definition of engineering elastic constants, the FEM based on the unit cells under uniaxial tensile loading along the -, -, and -axes was established to obtain Young's elastic modulus and Poisson's ratio, respectively. In the meantime, the pure shear loading was applied to the corresponding models to analyze the shear deformation and modulus. In the calculation models, the global averaging tensile strain equals 0.001 and the global averaging shear strain equals 0.002. Table 3 gives the predicted elastic constants of 3D braided composite without considering the void defects and the measured results. There is a good agreement between the predicted and measured axial tensile modulus for the two samples studied. Predicted Poisson's ratios basically agreed with the measured values. The results indicate that the proposed FEM can be used to calculate the effective elastic properties, firstly demonstrating the applicability of the mesomechanical FEM.
Stress Distribution and Deformation of Unit Cell Model.
For 3D 4-directional braided composites with periodic structures, RVE-based FEM containing void defects can be used to calculate the mechanical properties in the mesoscale, such as the deformation of the model, distribution of stress, and stress concentration. To demonstrate the application, the FEM of specimen number 1 subjected to typical loading cases is chosen to show the mesomechanical behaviors of 3D 4-directional braided composites by assuming that the void volume fraction equals 1 percent.
By analyzing the numerical results of the model, all the stress components at the corresponding parallel boundary surfaces have a uniform stress distribution. For example, Figure 5 shows the Von Mises stress nephogram of the whole FEM subjected to tension and shear loads, respectively. The traction continuity at the corresponding parallel boundary surfaces has been guaranteed and satisfied the periodic condition. As shown in Figure 5 , the stress in yarns is apparently greater than that in the matrix pocket region. In the meantime, the stress concentration is produced in the contacting region between the yarns and the matrix pocket. The closer it is to this region, the greater stress is produced. Figure 6 shows the deformation of the unit cell models subjected to tension and shear loads, respectively. From Figure 6 (a), the set of opposite boundary surfaces vertical to the -axis, respectively, do not remain plane after deformation and the warped deformation has occurred (the magnified factor of the deformation is 100 times). The same warped deformation occurs simultaneously at the opposite boundary surfaces vertical to the -axis. However, the warped deformation extent at the other two sets of opposite boundary surfaces vertical to the -axis and -axis is relatively weak. Figure 6(b) shows the deformation of the FEM model subjected to shear load. Under such loading case, two sets of opposite boundary surfaces in the plane do not remain plane anymore and are warped after the deformation (the magnified factor of the deformation is 100 times). The warped deformation occurs simultaneously at the other set of opposite boundary surfaces of unit cell vertical to -axis, but the warped extent is relatively weak. The reason that 8 Advances in Materials Science and Engineering resulted in the phenomena is that the unit cell model of 3D 4-directional braided composites does not have the symmetries of geometrical structure and physical properties.
Effect of Random Void Distribution on the Effective Elastic
Properties. When the void volume fraction is given, the void defects may be randomly distributed in the unit cell model of 3D braided composites due to the complex reasons. Therefore, it is important to analyze the effect of random distribution of void defects on the effective elastic properties of 3D braided composites. Herein, specimen number 1 in Table 2 was taken as an example for analyzing the effect of random void distribution on the elastic properties by assuming that the void volume fraction equals 1 percent. For simplicity, five random void distribution models named 1 to 5 for specimen number 1 were produced to predict the elastic properties subjected to the uniaxial tensile loading in -axis and the shear loading in plane, respectively. The calculated results are shown in Table 4 , where the elastic moduli are corrected to 3 decimal places and Poisson's ratios are corrected to 4 decimal places.
As shown in Table 4 , when the void volume fraction is given as 1%, the standard deviation of the tensile modulus is no more than 3.138 − 3 GPa and the standard deviation of the shear modulus is limited to 4.967 − 4 GPa. The standard deviations of Poisson's ratios, and , are within 1.0198 − 4 and 2.2804 − 4, respectively. From the results, it can be concluded that the elastic properties are not sensitive to the random void distribution for 3D braided composites with a constant void volume fraction. The resulting reason could be that the stiffness properties reflect the global averaging properties of 3D braided composites, which mainly depends on the mechanical properties and their volume fractions of components materials. However, it is noted that all the results are based on the premise of the distribution of random void defects keeping balanced in the model as a whole without considering some extremely special distribution cases.
Effect of Void Volume Fraction on the Effective Elastic
Properties. As discussed above, the random distribution of void defects has no obvious effect on the effective elastic properties of 3D braided composites in the model. Since the most important impact factor is the void volume fraction of 3D braided composites, the effects of the void volume fraction ranging from zero to three percent on the elastic properties are discussed by analyzing the FEMs. Variations of the calculated elastic properties with the void volume fraction are shown in Tables 5 and 6, respectively.  Table 5 gives the calculated results of specimen number 1 and Table 6 gives the calculated results of specimen number 2. From Tables 5 and 6 , when the void volume fraction increases from zero to three percent, whether specimen number 1 with a braiding angle of 19 ∘ or specimen number 2 with a braiding angle of 30 ∘ , all the elastic moduli including Young's elastic modulus and the shear modulus monotonously decrease and the decline trends almost keep linear. It is noted that the decline extent of transverse Young's elastic moduli, and , is obviously greater than the axial modulus . Specifically, when the void volume fraction reaches three percent, the Young's elastic modulus of specimen number 1 has declined by 1.45 percent, while Young's elastic modulus of specimen number 2 has declined up to 4.28 percent. Due to the two specimens almost having the same fiber volume fraction, the effect of the void volume fraction on becomes more obvious with the increase of the braiding angle. In the meantime, transverse Young's elastic moduli, and , have decreased by 7.31 percent and 7.56 percent, respectively. When the void volume fraction reaches 3 percent, the shear moduli of specimen number 1, and , decrease about 2.04 percent and the shear moduli of specimen number 2, and , decrease about 1.27 percent. In the meantime, Table 6 : Effect of V (or V ) on the elastic properties of specimen number 2.
Elastic constants V = V = 0% V = V = 0.5% V = V = 1.0% V = V = 1.5% V = V = 2.0% V = V = 2.5% V = V = 3.0% the shear modulus of specimen number 1 decreases about 5.69 percent and the shear modulus of specimen number 2 decreases about 3.14 percent. On the whole, the effect of the void volume fraction on shear modulus becomes weak with the increase of the braiding angle.
From Tables 5 and 6 , when the void volume fraction increases from zero to three percent, whether specimen number 1 with a braiding angle of 19 ∘ or specimen number 2 with a braiding angle of 30 ∘ , primary Poisson's ratios, and , increase monotonously and the increase trends almost keep linear, while minor Poisson's ratio decreases steadily. Specifically, while the void volume fraction reaches 3 percent, primary Poisson's ratios of specimen number 1, and , increase up to about 4.54 percent and primary Poisson's ratios of specimen number 2, and , increase about 3.37 percent. In the meantime, particularly, minor Poisson's ratios of specimen number 1 and specimen number 2, , decline no more than 0.15 percent when the void volume fraction equals 3 percent. As a whole, the void volume fraction mainly has great effect on primary Poisson's ratio, and , while it almost has little effect on the minor Poisson's ratio .
Conclusions
An FEM based on the RVE is proposed to predict the effective elastic properties of 3D braided composites with consideration of random void defects. The 3D FEM model based on the periodical unit cells takes into account the voids in the resin matrix pocket and the dry patches in the yarns. The predicted effective elastic properties are compared favorably with the experimental data, demonstrating the applicability of the mesomechanical FEM. The effects of the void random distribution and the void volume fraction on the engineering elastic constants have been discussed in detail.
The calculated results show that the elastic properties of 3D braided composites are influenced significantly by the void volume fraction. While all the elastic moduli decrease almost linearly with the increase of the void volume fraction, and increase almost linearly except for . The effect of the void volume fraction on the elastic constant becomes more obvious with increase of the braiding angle.
Future work will focus on the effect of void defects on the strength, thermal conductivity, and thermal expansion properties of the composites in the subsequent research.
